conserved motifs found only in micro-organisms but not in higher eukaryotes. 2 Because PGN is a unique and essential cell wall component of virtually all bacteria, it is an excellent target for recognition by the eukaryotic innate immune system (Table 1) . 1, 2 Extracellular recognition: CD14 and Toll-like receptor 2 (TLR2) CD14 functions as the macrophage co-receptor (together with TLR4 and MD-2) for LPS from the outer membrane of Gram-negative bacteria. 3 However, CD14 also functions as the receptor for Gram-positive cell walls and their PGN component, [4] [5] [6] [7] [8] because: (i) activation of CD14-positive cells by PGN and binding of PGN to CD14 are inhibited by anti-CD14 monoclonal antibodies; (ii) PGN-unresponsive CD14-negative cells become-responsive after transfection with CD14 and expression of membrane CD14; and (iii) CD14 binds to PGN with high affinity (K d = 25 nM), forms stable complexes with CD14 at 1:1 molar ratio, and can completely displace LPS from CD14.
Polymeric PGN is required for both CD14-mediated cell activation and for binding to CD14. 6, 8, 9 Low-molecular weight soluble PGN fragments, such as muramyl dipeptides, disaccharide dipeptides, or pentapeptides do not bind to CD14, do not inhibit binding of polymeric PGN to CD14, and do not activate cells through CD14. 7, 8 However, synthetic muramyl dipeptide immobilized on agarose (to resemble polymeric PGN) does bind CD14. 8 CD14 by itself is not a fully functional signal-transducing cell-activating receptor, but likely functions as a ligand-binding co-receptor together with Toll-like receptors (TLRs). Whereas CD14 is required for the responses to LPS (medi-ated by TLR4), the TLR2-mediated responses to PGN do not require CD14, but are usually enhanced by CD14. 10, 11 TLR2 functions as the cell-activating receptor for Gram-positive bacteria and their PGN and lipoteichoic acid (LTA) components, 11 which was first shown using TLR2-transfected HEK293 and CHO cells, 10, 12 and was then confirmed using TLR2 knockout mice. 13 Since then, this observation has been supported by some 180 publications. Humans have ten TLR receptors and different TLRs are specific for different microbial products. 2 Different TLRs can form homo-or heterodimers, and the cell-activating function of TLR2 is dependent on the formation of heterodimers with TLR1 or TLR6. 14 Both TLR2:TLR1 and TLR2:TLR6 heterodimers can function as PGN receptors, [14] [15] [16] in contrast to preferential function of TLR2:TLR1 and TLR2:TLR6 heterodimers as the receptors for tri-acylated and di-acylated lipopeptides, respectively. 15, 16 Mammalian TLRs most likely directly interact with microbial products 2 and PGN likely directly binds to TLR2. 17 Cell activation studies indicate that a sequence of 25 amino acids (Ser40-Ile64) in the extracellular domain of TLR2 is required for the PGN-induced cell activation, 18 thus suggesting that this sequence may constitute (or be a part of) the TLR2 binding site for PGN.
Because the ability of PGN to activate TLR2 was recently questioned, 19 we re-evaluated activation of TLR2 by PGN. Polymeric soluble or insoluble Staphylococcus aureus PGN, re-purified by SDS or phenol extraction, activated TLR2 at 0.1-1 or 10 µg/ml, respectively, and induced TNF-α production. The TLR2 activation by PGN, but not by LTA, was abolished by muramidase digestion. 19a These results confirm that polymeric S. aureus PGN is a TLR2 activator. 
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TLR2 is primarily expressed on monocytes, macrophages, dendritic cells, B cells, and to a lesser extent, on neutrophils and few other cells. 2, 11 The main consequence of interaction of PGN with TLR2 and CD14 is activation of a signal transduction pathway that results in the activation of NF-κB transcription factor, that is required for the activation of transcription and secretion of several chemokines and cytokines, such as IL-8 and TNF-α, which induce inflammation and initiate effective antigen processing and presentation. 1, 2, 11 
Intracellular recognition: Nods
Nucleotide-binding oligomerization domain (Nod)-containing proteins are present in the cytoplasm and have structural homology to a large family of plant R (resistance) proteins. In mammals, they include Nod1, Nod2, and several other homologues. 20 They have a C-terminal domain containing leucine-rich repeats, a Nod domain, and an N-terminal CARD (caspase-recruitment) domain, and they likely function as intracellular regulators of cell activation. 20 Nod1 has ubiquitous expression in several tissues and cell types, and Nod2 is primarily expressed in monocytes, but its expression can be induced in other cells. Nod1 and Nod2 mediate activation of NF-κB through association with a serine-threonine kinase, RICK. 11, 20 This activation is TLR-and MyD88-independent and thus serves as an alternative pro-inflammatory pathway.
Nods sense intracellular bacteria by recognizing their PGN component. Nod1 senses Gram-negative bacteria and some Gram-positive rods by recognizing PGN fragments containing m-DAP. L-Ala-D-Glu-m-DAP is the minimum PGN fragment recognized by Nod1 ( Fig. 1 ). [21] [22] [23] The minimum PGN fragment recognized by Nod2 is muramyl dipeptide (N-acetylmuramoyl-L-alanyl-D-isoglutamine, MDP, Fig. 1 ). [23] [24] [25] Because MDP is present in all PGNs, Nod2 can sense PGN from all bacteria, although MDP is not a natural PGN fragment and it is not generated in vivo by enzymatic digestion of PGN. It is still unclear whether Nods directly bind PGN and whether they interact only with PGN fragments or can also interact with polymeric PGN. The previously reported unresponsiveness or low responsiveness of Nod1 and Nod2 to polymeric PGN 24, 26 could have been due to low efficiency of transport of polymeric PGN into the cytoplasm of cultured cells. However, during infections, some bacteria, such as Salmonella or Shigella, can enter the host cells and can generate Nod-activating PGN fragments inside the host cells. Other bacteria, such as Helicobacter pylori, can deliver PGN into the host cell cytoplasm using its type IV secretion system. 27 Nod2-or Nod1-activating concentrations of MDP and other muropeptides are ~10 ng/ml (~2 nM), [21] [22] [23] [24] [25] which shows high sensitivity of detection of intracellular bacterial products. The concentrations of extracellular PGN detected by TLR2/CD14 are higher on a per weight basis (but similar on a per mol basis): 10 µg/ml (2 nM) for insoluble PGN and 0.1-1 µg/ml (1-10 nM) for soluble polymeric PGN (Dziarski R, Gupta D, submitted for publication). 10, 12 For bacteria with high PGN content, such as S. aureus, 10 µg of cell wall PGN corresponds to 2.5 x 10 7 bacteria, a concentration easily attainable in infected tissues, considering that LD 50 of S. aureus in i.p. infection in mice is 10 9 bacteria. 28 Thus, in infections with Gram-positive cocci, which have a very high PGN content, the host cells are often exposed to high concentrations of PGN and extracellular sensing of PGN is set to respond to such concentrations of PGN. However, similar numbers of Gram-negative bacteria contain much lower amounts of PGN and, therefore, sensing of extracellular Gram-negative bacteria by the host may primarily occur through recognition of other molecules, such as LPS and lipoproteins.
Recognition and effector molecules: PGRPs
Peptidoglycan recognition proteins (PGRPs) are a family of pattern recognition molecules that were first discovered in insects [29] [30] [31] and then in mammals. 30, 32, 33 Insects have many PGRPs with recognition, signaling, and effector functions. Drosophila melanogaster has 13 PGRP genes that are transcribed into at least 17 proteins 31, 33 and a mosquito (Anopheles gambiae) has 7 PGRP genes that are transcribed into at least 9 proteins. 33, 34 Insect PGRPs are grouped into two classes: short PGRPs (PGRP-S), which are small extracellular proteins, and long PGRPs (PGRP-L), which have long transcripts and are either intracellular, extracellular, or membrane-spanning proteins. 31, 33, 34 Many of the insect PGRPs are expressed in immune competent organs, such as the fat body, gut, and hemocytes, and their expression is up-regulated by injections of PGN and bacteria, suggesting their role in insect immunity. 30, 31, [33] [34] [35] Indeed, all so far identified functions of insect PGRPs are important for the antimicrobial innate immunity.
Silkworm (Bombyx mori) PGRP-S is present in the hemolymph and cuticle, binds Gram-positive bacteria and PGN, and activates the prophenoloxidase cascade ( Fig. 2A) , 29 which generates antimicrobial products, such as melanin and reactive oxygen species, surrounds the infection site with melanin, and contains the infection. 29, 33 Drosophila PGRP-LE 36, 37 and a beetle (Holotrichia diomphalia) PGRP-1 38 (and likely other PGRPs) also activate the prophenoloxidase cascade, but H. diomphalia PGRP-1 responds to 1,3-β-D-glucan, a common constituent of fungal cell walls.
Some insect PGRPs have enzymatic activity. Drosophila PGRP-SC1b and PGRP-LB are N-acetylmuramoyl-L-alanine amidases, 39, 40 which hydrolyze the amide bond between MurNAc and L-Ala and thus remove stem peptides from PGN (Fig. 2B) . Digestion of PGN with amidase reduces or eliminates the ability of polymeric PGN to stimulate insect cells. 39 Based on the conserved structure of the active site of the amidase, several other insect PGRPs are predicted to have an amidase activity, whereas several others are not. 39, 41, 42 However, one PGRP that is not an amidase, Drosophila PGRP-SA, has an L,D-carboxypeptidase activity with specificity for the bond between m-DAP and D-Ala of the stem peptide present in PGN of Gram-negative bacteria and Grampositive rods (Fig. 2B ). 43 The biological significance of this carboxypeptidase activity is not certain.
Drosophila PGRP-SA is required for the activation of the Toll receptor by Gram-positive bacteria (Fig. 2C) . 44 This pathway is preferentially triggered by the Lys-type Peptidoglycan recognition in innate immunity 307 PGN and only weakly by the DAP-type PGN, 45 although both types of PGN bind to PGRP-SA. 43 The likely reason for the weak Toll-activating capacity of DAP-type PGN is that this PGN, but not Lys-type PGN, is the substrate for the carboxypeptidase activity of PGRP-SA ( Fig. 2A) . 43 Efficient triggering of the Toll pathway by PGRP-SA requires co-operation (and likely formation of a complex) with another pattern recognition molecule, Gram-negative binding protein (GNBP)-1. 46,47 Drosophila PGRP-SD 48 (and probably other PGRPs), as well as other pattern recognition molecules, such as GNBP-3, also activate the Toll pathway (Fig. 2C ).
Recognition of PGN or bacteria by PGRP-SA or other PGRPs activates proteases that cleave Spaetzle, an extracellular cytokine-like protein present in insect hemolymph, that serves as an endogenous activator of Drosophila Toll. 44, 45, 49 Activation of Toll initiates a signal transduction pathway that results in the activation of Dorsal and Dif transcription factors (which are similar to mammalian NF-κB), that translocate into the nucleus, bind to the κB sites, and initiate transcription of drosomycin and other antimicrobial peptides, that are mainly active against Gram-positive bacteria and fungi (Fig. 2C ). This pathway is essential for Drosophila immunity to Gram-positive bacteria, because mutations in recognition or signal transduction molecules for this pathway make the flies highly susceptible to infections with Gram-positive, but not Gram-negative, bacteria. [44] [45] [46] [47] [48] [49] Drosophila has a second pathway, the 'Imd' pathway (named after 'immune deficient' mutants), that is Tollindependent and is activated by Gram-negative bacteria and some Gram-positive bacilli. 45, 49 This pathway results in the activation of Relish transcription factor (which is also similar to mammalian NF-κB) and induction of transcription of diptericin and other antimicrobial peptides that are primarily active against Gram-negative bacteria.
Activation of the Imd pathway by Gram-negative bacteria and Gram-positive bacilli in Drosophila is mediated through PGRP-LC (Fig. 2D ). [50] [51] [52] PGRP-LC responds primarily to DAP-type PGN. It is presumed to be a transmembrane protein and has three alternative splice forms (LCa, LCx, and LCy), which differ in the extracellular PGRP domains and likely co-operate with each other and have somewhat different recognition specificities. 45, 50, 53, 54 PGRP-LC activates the Imd pathway in co-operation with PGRP-LE (which is not a transmembrane molecule) 36, 37 and also likely with another, as yet unidentified, co-receptor ( Fig. 2D) .
Drosophila PGRP-LC may also play a role in phagocytosis of Gram-negative bacteria, because inhibition of PGRP-LC expression in Drosophila S-2 cells diminishes phagocytosis of Escherichia coli, but not S. aureus. 52 However, direct evidence for the function of PGRP-LC as a phagocytic receptor is still lacking.
Mammals have a family of 4 PGRPs, which were initially named PGRP-S, PGRP-L, and PGRP-Iα and PGRP-Iβ (for 'short', 'long', or 'intermediate' transcripts, respectively), by analogy to insect PGRPs. 32 Recently, the Human Genome Organization Gene Nomenclature Committee approved the names peptidoglycan recognition protein 1, 2, 3, and 4, and the symbols PGLYRP1, PGLYRP2, PGLYRP3, and PGLYRP4 for human PGRP-S, PGRP-L, PGRP-Iα, and PGRP-Iβ, respectively.
Mammalian PGLYRP1 is present in granulocytes' tertiary (gelatinase) granules, 28 binds to PGN with high affinity (K d = 13 nM), 55 is bacteriostatic, 28, 55 and functions in intracellular killing of bacteria in PMNs. 28 Consequently, PGLYRP1-deficient mice have increased susceptibility to infection with some Gram-positive bacteria and their neutrophils are defective in intracellular killing and digestion of these bacteria (Fig. 3A) . 28 Bovine PGLYRP1 orthologue is also present in PMN granules and has antibacterial activity. 56 Mammalian PGLYRP2 is an N-acetylmuramoyl-Lalanine amidase. 41, 42 PGLYRP2 is constitutively produced in the liver, 28 is secreted into the bloodstream, and is identical with the previously identified [57] [58] [59] serum Nacetylmuramoyl-L-alanine amidase. 59a PGLYRP2 is not constitutively produced in other tissues, including skin, but its expression is induced in keratinocytes and corneal cells by bacteria or cytokines. The inducible expression of PGLYRP2 is limited to epithelial cells and correlates with differentiation of these cells. 59b The significance of PGN digestion by PGLYRP2 could be 4-fold: (i) it reduces or eliminates cell-activating pro-inflammatory activity of polymeric PGN; 39, 60 (ii) it could abolish Nod2-activating capacity of PGN; (iii) it could generate a PGN stem peptide fragment that could activate Nod1; and (iv) similarly to lysozyme, it could enhance the killing activity by antibacterial peptides.
Therefore, although mammalian PGLYRPs were initially thought of as pattern recognition receptors similar to insect PGRPs, 11,33 they more likely function as effector molecules and scavengers, rather than cell-surface receptors or signal transducers.
In addition to amidase, mammals have another PGNlytic enzyme, lysozyme, that hydrolyzes the glycosidic bond between GlcNAc and MurNAc of PGN. 61 Lysozyme by itself is bacteriolytic for only some Grampositive bacteria, but it acts synergistically with antimicrobial peptides enhancing their antibacterial effect. Digestion of PGN by lysozyme is also important in reducing PGN's pro-inflammatory activity. 62 
